INTRODUCTION
Of the 56 million deaths reported worldwide in 2012, approximately 15 million are directly related to infectious diseases (1) . The majority of annual deaths are related to bacterial infections such as tuberculosis, yellow and typhoid fever, cholera, shigellosis, pneumonia, etc. (1) . Morbidity and mortality rates are highest in developing countries, where large numbers of infants and children count among the victims (2) . In developed nations, infectious disease mortality falls most heavily on indigenous and disadvantaged minorities (3) . The control of bacterial infectious diseases worldwide is an important task. Although antibiotics revolutionized the treatment of bacterial infections, increased resistance and the emergence of multidrug-resistant strains increasingly reduce their efficacy. This trend promotes an urgent need for better understanding of bacterial pathogenicity and resistance mechanisms, which will assist novel therapeutic and vaccination strategies.
To avoid destruction by host cells, a variety of evolutionarily unrelated bacteria have developed strategies to grow and replicate inside the host. These infectious bacteria are designated as intracellular pathogens and manipulate host responses to their advantage in unique ways. A widespread bacterial pathogenesis trait is the synthesis and secretion of numerous proteins into the cytoplasm or membrane of the host via specialized secretion systems. These secreted macromolecules, referred to as virulence factors or effectors, facilitate bacterial pathogenesis by manipulating host cellular processes to enhance bacterial colonization and survival within the infected host, and suppress host cell defenses (4-7).
BACTERIAL SECRETION SYSTEMS
The export of bacterial effectors occurs via secretion systems which are specialized protein translocation systems that enable transport of substrate molecules after production within the bacterium (8) . These systems mediate intraspecies passage of genetic material, such as antibiotic resistance genes, as well as transfer of virulence factors across cellular membranes into the cytoplasm of the host. Consequently, secretion systems facilitate aspects of the infection process such as bacterial entry into the host cell, intracellular survival, and spreading of the pathogen to neighboring host cells (9) .
These secretion systems have been categorized into six evolutionary and functionally related groups, namely type I to VI secretion systems (10) . However, some species of Gram-positive bacteria use alternative protein secretion systems collectively called the type VII secretion system (10) . The emphasis of this chapter is placed on bacterial macromolecules involved in manipulating phagosomal trafficking that are secreted by the membrane-associated transporter complexes type III, IV, and VII secretion systems. However, although not discussed in detail, we note that Listeria species export virulence factors via a general secretory pathway, the SecA2 secretion system (11) .
Type III, IV, and VII Secretion Systems
Gram-negative bacteria possess a cell envelope composed of two membranes: an inner and an outer membrane (12) . To manipulate host cells, these bacteria have developed an export system, the type III secretion system (T3SS), capable of transporting effector proteins across three membranes: the two membranes of the bacterial cell envelope and the cell membrane of the targeted cell (7) . The T3SS has a needle-like shape that allows effectors to be exported across both bacterial membranes and into the cytoplasm of the targeted cell without being exposed to the extracellular milieu (13) . Strains possessing T3SS include Salmonella, Shigella, and Yersinia species which are capable of controlling trafficking events in the phagosome, the cellular compartment formed by the fusion of the cell membrane around the invading pathogen.
The bacterial type IV secretion system (T4SS) is a membrane-associated transporter used by several Grampositive and Gram-negative bacteria. This transporter is related to bacterial conjugation because it can transfer genetic material to other bacterial cells by horizontal gene transfer. The T4SS exports virulence factors into mammalian cells (5, 6) . Several human pathogens such as Legionella, Brucella, and Coxiella species possess the T4SS and achieve intracellular survival by inhabiting vacuoles from the endocytic pathway (6) .
The type VII secretion system (T7SS) distantly resembles T4SS (14) and is found in certain species of Grampositive bacteria. The particularity of this specialized secretion system is its ability to ensure transport of virulence factors across the complex cell wall of acid-fast Mycobacterium species (15) . Mycobacteria have a distinctive cell envelope structure that is characterized by an exceptionally hydrophobic, impermeable and thick layer, termed the mycomembrane. The unique features of the membrane are due to the presence of mycolic acids, which are large branched-chain fatty acids. In mycobacteria, the T7SS includes the ESX 1 to 5 secretion systems, some of which are essential for virulence and take active roles in macrophage escape and cell-to-cell spread (16, 17) . Despite the absence of the mycomembrane typical of Mycobacterium species, Gram-positive bacteria such as Streptomyces and Listeria species also possess a T7SS (10) .
PHAGOSOME MATURATION
Upon engulfment by a phagocyte, microorganisms are trapped in an organelle derived from the plasma membrane, termed the phagosome. Phagosomes acquire microbicidal features that enable them to kill and digest engulfed microbes through a process known as phagosome maturation. Phagosome maturation includes a variety of fusion and fission events with compartments of the endocytic pathway whereby the contents of the phagosome are gradually delivered to lysosomes for degradation (18) . Phagosome maturation radically alters the composition of the phagosome, converting it into a potent microbicidal organelle (18) . As illustrated in Fig. 1 , phagosomes containing foreign particles, such as invading microorganisms, interact with the endosomal pathway, allowing for the exchange of solute materials and membrane components between phagosomes and endosomes. Sequential interactions with endosomal compartments and lysosomes yield mature phagolysosomes that are markedly acidic due to the reduction in phagosomal pH resulting from the acquisition of vacuolar H+-ATPase (V-ATPase) pumps (18) . These fusion events modify the function of the phagosome to reflect the content of the lysosome, which is highly oxidative and enriched with hydrolytic enzymes (18) . Invading microorganisms are ultimately degraded, and their peptides are presented on the surface of the phagocyte to initiate an adaptive immune response (19) .
Although phagocytosis normally results in the eradication of microorganisms, some pathogens have developed strategies to interfere with phagosome maturation and use phagocytes as niches for survival and growth. Different stages of phagosome maturation can be targeted by different microorganisms: the fusion of the phagosome with early and late endosomes, the fusion with lysosomes, the acidification of the phagosome, the redirection of the phagosome to a nondigestive route, etc. These events create an alcove suited for bacterial replication.
While the list of effector macromolecules secreted by pathogens suggested to cross-talk with host proteins or specific host pathways is growing, the precise mechanisms of communication that allow pathogens to interfere with defined host proteins (e.g., signaling and metabolic proteins), and to survive and replicate within the hostile environment of the host, are still very limited and poorly understood. In this chapter, the current knowledge of a subset of bacterial pathogen effectors involved in altering the phagosome to circumvent pathogen destruction is summarized (Table 1 ). Each step of the phagosome maturation process is examined individually, and the effectors of selected pathogens involved in interfering with this process are described. In particular, effectors secreted by the Gram-negative bacteria are characterized: Legionella, which causes the acute lung disease Legionnaires' disease (Legionella pneumophila) (20) , Salmonella, responsible for the localized small intestine disease salmonellosis (Salmonella enterica) and systemic disease typhoid fever (Salmonella typhi), Shigella, the causative agent of the small intestine disease shigellosis (Shigella dysenteriae, Shigella flexneri, Shigella sonnei), and Yersinia, the agent responsible for the black death, or bubonic/pneumonic plague (Yersinia pestis). Moreover, effectors secreted by the Gram-positive bacterium are enumerated: Listeria, responsible for listeriosis, an infection of the central nervous system or the small intestine (Listeria monocytogenes), and the acidfast actinomycete Mycobacterium, the causative agent of diseases such as tuberculosis (Mycobacterium tuberculosis) (21) . Identifying these effectors and their modes of action is essential to understanding the pathogenesis of diseases and how pathogens manipulate the defense mechanisms of the host to their advantage.
Targeting Phagosome-Endosome Fusion
As illustrated in Fig. 1 and described in detail in Fig. 2 , the metamorphosis of the phagosomal membrane occurs after engulfment of the invader. Changes begin immediately and are coordinated by Rab GTPases, a family of molecular switches, which alternate between an active (GTP-bound) and an inactive (GDP-bound) state. Their activity is controlled by Rab GDP dissociation inhibitors, guanine nucleotide exchange factors (GEFs), and GTPase-activating proteins (22) . Once activated, Rab molecules regulate host vesicular and membrane transport processes by modulating membrane structure and function (22) . Upon phagosome biogenesis, the pathogen-containing phagosome recruits the early endosomal marker, Rab5, which coordinates traffic between the phagosome and early endosomes (18) . Rab5 recruits effector molecules such as the class III phosphatidylinositol 3-kinase vacuolar protein sorting 34 (VPS34) (23) . VPS34 catalyzes the production of the lipid regulator phosphatidylinositol 3-phosphate (PI3P) from phosphatidylinositol (PI) (23) . PI3P, in turn, is a phagosomal membrane tag that signals phagosomes to progress down the phagolysosome biogenesis pathway (24) . To achieve fusion of the early phagosome with endosomes, PI3P affects the localization and function of specific proteins involved in membrane trafficking, endosomal protein sorting, and multisubunit enzyme assembly at the membrane (25) . These proteins include early endosome antigen 1 (EEA1), p40 subunit of the NADPH oxidase, and hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) (24, 26, 27) . EEA1 facilitates docking and fusion of the early phagosome with early organelles of the endocytic pathway via interaction with syntaxin 13, a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein (28) . SNAREs assemble downstream of tethering molecules and drive fusion of membranes (29) . Following the fusion with early endosomes, the phagosome acquires the late endosomal marker, Rab7, which prompts fusion of the early phagosome with late endosomes and the acquisition of additional factors contributing to microbicidal functions, such as the integral membrane proteins lysosome-associated membrane proteins 1/2 (LAMP1 and LAMP2) and V-ATPases (18) . The presence of additional V-ATPase pumps in the late phagosome further acidifies the organelle (luminal pH ∼ 5.5).
Pathogenic mycobacterial species inhibit fusion of the phagosome with endosomes. The M. tuberculosis cell wall glycolipid mannosylated lipoarabinomannan (ManLAM) is secreted into the host cytoplasm (30) and inhibits intracellular calcium (Ca 2+ ) levels, resulting in the disruption of phagosome maturation (31) . Ca 2+ is an essential cell signaling molecule, and increases in intracellular Ca 2+ following infection lead to the accumulation of the small GTPase Rab5 in the phagosomal membrane. As seen in Fig. 2 , upon secretion of ManLAM, intracellular Ca 2+ is reduced and Rab5 only partially localizes to the phagosomal membrane. The recruitment of Rab5's effector VPS34 to the phagosomal membrane is consequently hindered. Since PI3P is partly excluded from the phagosome, PI3P-binding proteins, such as EEA1, only accumulate in small amounts (32) . Thus, ManLAM reduces the fusion of the phagosome with early endosomes and the delivery of the endosomal cargo between them (33). Partial PI3P exclusion mediated by ManLAM is not sufficient to cause complete inhibition of phagosome and endosome fusion. M. tuberculosis secretes an acid phosphatase termed secreted acid phosphatase of M. tuberculosis (SapM), which hydrolyzes host PI3P into PI (32) . Dephosphorylation of PI3P into PI prevents PI3P accumulation at the phagosomal membrane, impeding EEA1 recruitment and fusion with endosomes (32) . The means by which ManLAM and SapM are able to cross the phagosomal membrane and gain access to the cytoplasmic face of the phagosome, where they prevent intracellular Ca 2+ levels from rising and hydrolyze PI3P, remains a conundrum (32). Legionella species are also able to inhibit fusion of the phagosome with endosomes. The L. pneumophila effectors VipD and VipA interfere with early and late endosomal transport, respectively. VipD tightly binds to the GTP-bound form of the early endosomal markers Rab5 and Rab22a, limiting interactions with downstream effector molecules and inhibiting endocytic trafficking (34). VipA possesses a coiled-coil region and is suspected of interacting with host proteins that also contain coiled-coil regions such as SNAREs and EEA1 (Fig. 2) (35) .
Salmonella species, such as S. enterica, promote fusion of the phagosome with endosomes but inhibit fusion with lysosomes. Interestingly, S. enterica promotes fusion of the phagosome with endosomes by secreting the effectors Salmonella outer protein B/E (SopB and SopE), which recruit the small GTPase Rab5 to the phagosomal membrane and activate it by subverting inactive GDP-bound Rab5 for active GTP-bound Rab5 (Fig. 2) (36-38) . In addition, studies have shown that SopE promotes retaining Rab5 on the phagosome by stimulating GDP to GTP nucleotide exchange of Rho GTPases (39) . Retaining active Rab5 on the phagosomal membrane thus promotes fusion of the phagosome with early endosomes via the recruitment of VPS34, as previously described, and explains the relatively large membrane-bound vesicle size in which Salmonella resides (40) . Moreover, previous studies have demonstrated that phagosomes containing pathogenic Listeria and Mycobacterium species are enriched in Rab5, thereby inhibiting their transport to lysosomes (41, 42) . Thus, the prolonged period of time spent in the mildly acidic early phagosome may account for blocking transport of the Salmonella-containing phagosome to lysosomes and Salmonella's survival.
Targeting Phagosome-Lysosome Fusion
The mature phagosome is the ultimate microbicidal and degradative organelle. To complete phagosome maturation, the small GTPase Rab7 recruits Rab-interacting lysosomal protein (RILP) and oxysterol-binding proteinrelated protein 1L (ORP1L) to the late phagosome ( Fig. 1) (18) . RILP is a dynein adaptor, and ORP1L regulates the binding of RILP to dynein. Together, RILP and ORPL1 interact with the dynein-dynactin molecular motor and coordinate microtubule-dependent vesicular trafficking of the late phagosome to the microtubule organizing center, a perinuclear region near the Golgi apparatus, where fusion with lysosomes occurs (18) . Rab7 also associates with the homotypic fusion and vacuole protein sorting (HOPS) complex, a large multimeric tethering factor essential for vesicle fusion (43) . The HOPS complex is composed of VPS11, VPS16, VPS18, VPS33B, VPS39, and VPS41 (18) . The HOPS complex is needed during the tethering and docking stages of vesicle fusion between the phagosome and the lysosomes (44) , where it regulates the assembly of SNARE molecules such as syntaxin 7 and vesicleassociated membrane protein 7 at the phagosomal membrane (18) . Phagolysosome fusion permits the exchange of cytosolic contents such as hydrolases (nucleases, lipases, proteases, etc.), and additional LAMP1/2 proteins and V-ATPase pumps (Fig. 1) (18) . The phagolysosome possesses a strong acidic luminal (pH ∼ 4.5) which, along with the action of hydrolytic enzymes and oxidants, contributes to the degradation of microorganisms. Lastly, the phagolysosome subsequently fuses with Golgi vesicles carrying major histocompatibility class II molecules for antigen processing and presentation (18) .
Late endocytic and lysosomal markers are often the targets of choice for pathogens because inhibition or inactivation of these targets guards bacteria from exposure to microbicidal compounds. As illustrated in Fig. 2 , the Salmonella effectors Salmonella-induced filaments A (SifA) and Salmonella invasion protein C (SipC) block phagolysosome fusion by uncoupling Rab7 from RILP (45) and inactivating Hook3, a mammalian protein implicated in cellular trafficking (46) , respectively. In addition to recruiting the small GTPase Rab5 to the phagosome, the SopB effector acts as a PI phosphatase. PI lipids are important regulators of cellular processes such as cell signaling, cytoskeleton remodeling, and membrane trafficking (47) . SopB alters the PI composition of the phagosomal membrane by hydrolyzing phosphatidylinositol 4,5-bisphosphate (PI [4, 5] P 2 ) into phosphatidylinositol 5-phosphate (PI5P), reducing the recruitment of Rab8, Rab13, Rab23, and Rab35 while preventing phagolysosome fusion (48) .
Pathogenic Mycobacterium species interfere with phagolysosome fusion by secreting effectors which have been shown to interact with the host proteins PtpA, EsxG, EsxH, EspB, and cord factor (Fig. 2) . The lowmolecular-weight tyrosine phosphatase, protein tyrosine phosphatase A (PtpA), translocates to the host cytosol, where it dephosphorylates VPS33B (49) . As a member of the HOPS complex, VPS33B plays a key role in the regulation of vesicle trafficking and membrane fusion in the endocytic pathway (50) . Dephosphorylation of VPS33B by PtpA disrupts the assembly of the HOPS complex and translates directly into phagosome maturation arrest and avoidance of proteolytic degradation (49) . EsxG and EsxH are secreted by mycobacteria and target the component of the host endosomal sorting complexes required for transport (ESCRT) machinery, Hrs (51) . The ESCRT machinery directs cargo destined for degradation to lysosomes (52) . However, the combined action of EsxG and EsxH disrupts ESCRT function and impairs phagolysosome fusion, preventing delivery of M. tuberculosis to the lysosome (51). In addition, the EspB effector, when combined with other mycobacterial antigens, increases phagosome maturation inhibition (53) . Indeed, cosecretion of EspB with the 6-kDa early secretory antigenic target (ESAT-6) and 10-kDa culture filtrate protein (CFP-10) enhances inhibition of phagosome maturation and promotes survival of the pathogen (53) . However, the mechanism of action which allows EspB to prevent phagolysosome fusion and its target remains unknown.
Finally, cord factor is the most abundant glycolipid found in the mycobacterial cell wall, and it interferes with phagolysosome fusion (54) . Cord factor consists of the disaccharide trehalose covalently bound to two mycolic acid residues, which in turn are anchored to the bacterial membrane by the hydrophobic component. Such molecules have been observed to confer fusion inhibition of phospholipid bilayers (55) . In agreement with this, cord factor is thought to act as a barrier and prevent the fusion of phospholipid vesicles such as phagosomes and lysosomes. The mechanism by which cord factor is transferred from the bacterial cell to the phagosomal membrane, and how it blocks phagolysosome fusion, remains unclear. However, phagolysosome fusion inhibition is believed to be due to cord factor creating a steric block to fusion and/or increasing the hydration force (56).
Yersinia's primary niche for replication is extracellular. Thus, Yersinia synthesizes a large number of effectors that block phagocytosis and promote extracellular growth. In spite of this antiphagocytotic effort, a significant amount of its microbial population is engulfed by macrophages (57) . The ability of Yersinia to replicate in macrophages remains a disputed issue despite several studies supporting this claim (58) (59) (60) . Unlike other intracellular pathogens which have developed multiple strategies to inhibit phagolysosome fusion (61, 62) , certain strains of Yersinia have been reported to reside within the phagolysosome (63). These results indicate that, as observed in Salmonella infection, the Yersiniacontaining phagosome acquires lysosomal markers before being excluded from the lysosomal pathway (64) . Transient interactions with lysosomes may be mandatory for remodeling the phagosome into a replicationpermissive vacuole. Over the years, considerable attention has been given to how Yersinia manipulates the functions of macrophages from the outside, but little is known about the modes of action behind the intracellular subversion of macrophage function.
Inhibition of Phagosomal Acidification
The impressive destructive capacity of the phagolysosome is attributed to the concerted effort of molecules, such as hydrolytic enzymes and oxidants, plus the acidification of the phagosome. The acidification of the phagosome is generated by the V-ATPase pump, a protein complex that controls phagosome acidification by transporting protons across membranes (65) . The acidification of the phagolysosome serves several purposes: it restricts microbial growth, it activates lysosomal hydrolases whose activity is optimal at low pH, and intraphagosomal protons are used to produce reactive oxygen species which are important antimicrobial ammunition for phagocytes (18) .
Given the importance of phagosome acidification, it is not surprising that several pathogens have developed strategies to block phagosome acidification by targeting the proton pump, allowing them to remain in a relatively neutral pH where they can survive. As seen in Fig. 2 , the M. tuberculosis secreted phosphatase PtpA directly interferes with phagosome acidification by blocking the assembly of the macrophage's V-ATPase pump (66) . Specifically, PtpA binds to subunit H of the pump and excludes the pump from the phagosomal membrane, resulting in diminished phagosome acidification (66) . In a similar manner, the L. pneumophila protein SidK interacts with subunit A of the V-ATPase pump and inhibits ATP hydrolysis and proton translocation, resulting in a fairly neutral pH inside the phagosome (67) .
Yersinia has also been shown to prevent acidification of phagolysosomes. Unlike pathogenic mycobacteria, which inhibit acidification of the phagosome by excluding the proton pump from the phagosomal membrane, Y. pseudotuberculosis attenuates the activity of the V-ATPase pump (59) . To date, however, no Yersinia effectors inhibiting phagosomal acidification have been identified.
Contrary to Mycobacterium, Legionella, or Yersinia species, Salmonella species do not interfere with phagosome acidification. Instead, they adapt to the lower phagosomal pH. Salmonella's adaptive response involves activation of acid tolerance genes which help the bacterium cope with the acidic pH (68). Upon exposure to the acidic environment, Salmonella secretes secreted system effector B/C/D (SseB, SseC, and SseD) to its surface, where they form a complex and participate in the translocation of T3SS effectors (see below) across the bacterial membrane (69) .
SURVIVAL STRATEGIES OF INTRACELLULAR PATHOGENS BEYOND PHAGOSOME MATURATION ARREST
To avoid prolonged exposure to the harsh environment of the phagolysosome, intracellular pathogens have developed alternative survival strategies. In addition to prevention of phagosome maturation or acidification, some pathogens, such as Salmonella and Chlamydia, relocalize the phagosome outside of the endocytic pathway where they can replicate. Others, exemplified by Shigella and Listeria, escape the phagosome before fusion with lysosomes and replicate in the host cytoplasm. Alternatively, Legionella forces the remodeling of the phagosomal membrane into a replicative-permissive vacuole (70) . These numerous strategies suggest several ways to circumvent the killing capacity of the phagosomal pathway.
Cytoskeleton Remodeling
After blocking the digestive endocytic pathway, certain pathogens require the localization of the phagosome to areas of the cell where acquisition of nutrients or membrane components from organelles occurs. To establish a replication-permissive vacuole, pathogens manipulate actin polymerization and form an intermediate filament network around the phagosome, allowing for the rerouting of the pathogen-containing phagosome.
To replicate, Salmonella must localize to the microtubule organizing center near the Golgi apparatus. This migration is ensured by the formation of an actin network around the phagosome (71) . As illustrated in Fig. 3 , the effectors Salmonella invasion protein (Sip) AC, secretion system effector I (SseI), Salmonellasecreted protein H2 (SspH2), and Salmonella plasmid virulence protein B (SpvB) take active roles in the formation of this network (72) . SipA and SipC cause actin condensation and cytoskeletal rearrangements by bundling and nucleating actin filaments (71, 73, 74) , while both SseI and SspH2 interact with the host actin crosslinking protein filamin A for cross-linking F-actin (72) . The cross-linking of F-actin is important for remodeling the cytoskeleton for modulation of cell shape and motility and for vesicle and organelle movement. Moreover, SspH2 interacts with profilin-1, another actin-binding protein, and thus prevents the interaction of profilin-1 with G-actin and alters the rate of actin polymerization (72) . The redistribution of the phagosome away from the perinuclear region occurs by the depolymerization and disruption of the actin cytoskeleton of the host cell. Termination of actin polymerization is carried by the SpvB effector, which post-translationally modifies G-actin monomers, preventing their polymerization into F-actin filaments (75) .
The proper positioning of the Salmonella-containing phagosome near the Golgi apparatus is dependent on the formation of tubules from the phagosome. The SopB effector is required early in infection to recruit Rab5 to the early phagosome (36) . Rab5 subsequently recruits sorting nexin 3 (SNX3), an important regulator of membrane trafficking, which contributes to the recruitment of Rab7 and LAMP1 to the phagosome (Fig. 3) . SNX3 also promotes the formation of tubules and the movement of the phagosome (76) .
Upon localization of the phagosome near the Golgi apparatus, phagosome maturation stops, replication of the pathogen is initiated, and specialized filamentous membrane structures named Salmonella-induced filaments (Sifs) form. Sifs are derived from late endosomes, because they contain late endocytic markers such as LAMP1 and V-ATPase (77). They extend from the surface of the phagosome along microtubules to the cell periphery, where they recruit host Rab9 and Rab11 which regulate fusion with Golgi-derived vesicles (78, 79) . Sifs also contribute to the localization of endocytic compartments to the cell periphery for nutrient acquisition, the movement of bacteria from cell to cell, and the enlargement of the phagosome to accommodate growing numbers of replicating bacteria (80) .
The formation of Sifs is principally dependent on two effectors, PipB2 and SifA (80, 81) , and to a lesser extent on SseJ, SseF, and SseG (Fig. 3) (82) . On the one hand, PipB2 promotes the outward, or anterograde, movement of the phagosome by recruiting host kinesin-1 to the phagosomal membrane (81) . Kinesin-1 is a microtubule motor complex that transports intracellular cargo to the cell periphery (83) . On the other hand, SifA, necessary for the stability of the phagosome, promotes the movement of the phagosome toward the perinuclear region (80) . In contrast to PipB2, SifA downregulates the recruitment of kinesin-1 by interacting with the host protein SifA kinesin-interacting protein (SKIP) (81) . SKIP binds kinesin-1 and regulates kinesin-1 levels at the phagosomal membrane (84) . The formation of Sifs requires a balance between the activities of PipB2 and SifA, and this balance is influenced by the actin-binding protein SipA, which stabilizes SifA via its actin-modulatory effects (74) . Thus, the counteracting functions of PipB2 and SifA suggest that opposing as well as complementary activities of Salmonella effectors are required for Sif formation. Moreover, in a parallel pathway, the SifA-mediated uncoupling of Rab7 from RILP is also believed to facilitate the extension of tubules from the phagosome as SifA binding to Rab7 displaces RILP/dynein-dynactin from Sifs (45) .
In cooperation with SifA, the effector SseJ also contributes to Sif formation by controlling the dynamics of the phagosome. Upon recruitment by SifA, SKIP and the small GTPase RhoA form a complex with SseJ which promotes the induction of tubular filaments from the phagosomal membrane (85) . The exact mechanism of tubulation induction is currently unknown. The small GTPase RhoA, known to participate in the regulation of microtubule dynamics, regulates kinesin-1 binding to the microtubule and, therefore, kinesin-1-mediated transport (86) . SseF and SseG participate in the dynein-mediated movement of the phagosome along microtubules. Indeed, SseF and SseG colocalize with microtubules, induce their bundling, which serves as a scaffold for Sif formation, and control the positioning of the phagosome by modulating the activity of dynein on the phagosome (87) . In addition to their role in Sif formation, SseF and SseG also promote the aggregation of endosomal vesicles into tubules and recruit Golgi-derived vesicles to the phagosome, indicating that interactions with the secretory pathway are required for intracellular replication (88) .
Legionella also secretes effectors that interfere with host cell organelle trafficking pathways. In vitro studies have shown that the effector VipA colocalizes with early endosomes and host cell actin filaments and causes a direct enhancement of microfilament polymerization (89) . This helps isolate the phagosome from the endocytic pathway and enables the pathogen to escape degradation.
Lastly, cytoskeleton remodeling has also been observed in the Mycobacterium species Mycobacterium marinum, a pathogen of fish and frogs. M. marinum escapes the phagosome and is free in the host cytoplasm, where it manipulates the actin filament network of the host to induce the formation of actin tails. The use of actin-based motility propels the pathogen through the cell cytoplasm to the cell periphery or into neighboring cells. This behavior has only been observed in this specific Mycobacterium species (90) . In a similar fashion, Listeria and Shigella also utilize the host actin assembly machinery to move within the host and spread between host cells (91) . During normal actin remodeling in host cells, members of the Wiskott-Aldrich syndrome protein (WASp) family activate the actin-related protein 2/3 (Arp2/3) complex. Listeria and Shigella have both developed mechanisms to induce actin polymerization by activating the Arp2/3 complex. As shown in Fig. 3 , Listeria releases ActA (92) , which mimics WASp, and Shigella secretes IcsA (93) , which recruits neural WASp to the bacterial surface. Both host proteins activate the Arp2/3 complex (91). The mechanism by which M. marinum induces actin polymerization remains incomplete, but studies have shown that M. marinum recruits WASp to its surface, and its mode of action shares more similarities to that of Shigella than Listeria (90).
Lysis of the Vacuolar Membrane
Shigella, Listeria, and M. marinum have all developed mechanisms enabling them to lyse the membrane of the vacuole in which they reside, permitting their escape into the host cytoplasm. The mechanism by which M. marinum escapes the phagosome remains unknown. During infection, Shigella secretes the PI phosphatase IpgD, which changes the lipid composition of the early endosomal membrane (Fig. 3) . IpgD dephosphorylates PI(4,5)P 2 to produce PI5P (94) . PI5P recruits epidermal growth factor receptor (EGFR) to the membrane, and prolonged signaling via EGFR slows down phagosome maturation and impairs lysosomal degradation (95) . In addition, PI5P also recruits Rab11-positive vacuoles to the phagosome, aiding in the process of vacuolar rupture (96) . During the late phagosomal stage Shigella releases IpaB and IpaC, two virulence factors that facilitate membrane lysis. In particular, IpaB forms pores within membranes, while IpaC disrupts membrane integrity (97, 98) . The specific mechanism by which pores are formed remains to be discovered, but it is suggested to involve host signaling as the small GTPases RhoA and Rac1 are recruited to the lysing vacuoles (99) . In addition to IpaB and IpaC, IpaH7.8 has been suggested to promote bacterial phagosomal escape, but its participation in this process is controversial (100). As previously described, once the pathogen escapes into the cytoplasm, it releases effectors that cause actin polymerization reorganization to facilitate its intracellular motility inside the host cell.
Listeria also perforates the phagosomal membrane and escapes into the cytoplasm in a process mediated by the secretion of listeriolysin O (101). In addition, Listeria releases the phospholipases phosphatidylinositol phospholipase C and phosphatidylcholine phospholipase C, which also contribute to phagosomal membrane breakdown ( Fig. 3) (102) .
Membrane Remodeling of the Legionella-Containing Phagosome
To bypass the conventional endocytic maturation route, Legionella has developed the ability to modify the composition of the phagosomal membrane into a replicativepermissive compartment analogous to endoplasmic reticulum (ER)-derived vesicles (103) . This remodeling process is unique to Legionella and occurs in sequential steps soon after phagocytosis. First, the bacterium intercepts early secretory vesicles from the ER and associates them with the phagosome. These ER vesicles then fuse to each other to form a large structure surrounding the phagosome (103, 104) . The second stage involves the elimination of the phagosomal membrane allowing Legionella to replicate in this new ER-like compartment (103) .
To allow fusion with ER-derived vesicles, the Legionella-harboring phagosome first remodels its own membrane via a process that involves PI metabolism (103) . Legionella secretes SidF, a phosphoinositide 3-phosphatase, which hydrolyzes PI(3,4)P 2 and PI(3,4,5) P 3 , the two PI species generated on the phagosome upon phagocytosis, into PI4P and PI(4,5)P 2 ( Fig. 3) (105) . As a result, the lipid composition of the phagosome resembles that of the Golgi apparatus, an appealing site for ER-derived vesicles.
The SidF-mediated conversion of the phagosome into a PI4P enriched organelle anchors LidA and DrrA/ SidM, two effectors that promote the recruitment of ERderived vesicles and fusion with the phagosome (106, 107) . As illustrated in Fig. 3 , LidA and DrrA/SidM recruit early secretory vesicles to the phagosome via interaction with the host GTPase Rab1, which plays a distinct role in the maturation of phagosomes (108) . Rab1 is necessary for the fusion of ER-derived vesicles with the Golgi apparatus (109), conferring an ER-like membrane to the phagosomes (110) . The DrrA/SidM effector performs two covalent modifications on Rab1; its GEF domain recruits Rab1 to the phagosome and converts inactive GDP-bound Rab1 into active GTPbound Rab1 (111) , and its nucleotidyltransferase domain transfers an adenosine monophosphate (AMPylation) to a tyrosine residue on Rab1, which contributes to maintaining it on the phagosomal membrane and disrupting vesicular transport (112) . Active Rab1 then recruits hosttethering factors to the phagosomal membrane and facilitates membrane fusion with ER-derived vesicles (110) . Rab1 activity is also regulated by LepB, a GTPaseactivating protein (113) . However, unlike DrrA/SidM, LepB regulates the removal of Rab1 from membranes by binding to GTP-bound Rab1 and promoting GTP hydrolysis, which results in inactivated Rab1 (114) . SidD also functions as an antagonist of DrrA/SidM, contributing to its release from the membrane (Fig. 3) (115) .
The effector ankyrin repeat-containing protein X (AnkX), a phosphorylcholine transferase, also modifies the small GTPase Rab1. It does so by catalyzing the attachment of a phosphocholine moiety (PCylation) to a serine residue of Rab1 (116) . This covalent modification interferes with the GTPase activity of Rab1, preventing it from interacting with cellular effectors and impeding microtubule-dependent vesicular transport between specific membranes (117) . PCylation of Rab1 may inhibit fusion of early secretory events involving vesicular transport on microtubules with ER-derived vesicles (117) . AnkX also attaches a phosphocholine moiety to Rab35, a member of the Rab1 family which regulates the sorting of cargo from early endosomes. Modulation of Rab35 function results in enlarged early endosomes (118) . Thus, phosphocholination of Rab1 and Rab35 by AnkX is necessary for disrupting the activities of host membrane transport proteins and for efficient inhibition of the acquisition of the endosomal marker LAMP1 (117) .
To counteract AnkX-mediated modification on Rab1, Legionella secretes Lem3, a dephosphorylcholinase, which reverses the post-translational modification on Rab1, making it more accessible to GEFs such as DrrA/ SidM (119) . Another Legionella effector that is important in the remodeling of the membrane is RalF. RalF is essential for recruiting the host GTPase ADP-ribosylation factor 1 (ARF1) to the phagosome and activating it via its ARF GEF activity (120) . ARF1 is an enticing target for Legionella because it regulates transport of vesicles between the ER and Golgi apparatus (121) .
Other Legionella effectors that have been shown to redirect the recruitment of ER-derived vesicles to the phagosome include SidJ, SidP, SidC, and subversion of eukaryotic traffic protein A (SetA) (122) (123) (124) . SidJ redirects the recruitment of ER-derived vesicles to the Legionella phagosome (123) . SidP is a PI phosphatase that hydrolyzes PI3P and PI(3,5)P 2 , promoting the evasion of the endocytic pathway by the phagosome (124) . SidC anchors to the membrane via binding of PI4P, a marker of secretory-vesicle trafficking (106) , and SidC is suggested to function as a bacterial tethering factor as Legionella lacking the sidC gene alter the recruitment of ER-derived vesicles to the phagosome (122) . The exact mechanisms by which SidJ, SidP, and SidC recruit ERderived vesicles, and the identity of their host targets, remain unknown. Lastly, SetA, a glycosyltransferase, modifies vesicular trafficking by attaching glucose moieties to conserved threonine residues within the catalytic region of host targets (125) . SetA also anchors to the phagosomal membrane by binding to PIs (125) . The effect of this modification remains unknown, but it is suggested to involve disruption of host targets and signaling events. The rerouting of ER-derived vesicles to the surface of phagosomes harboring Legionella is suggested as a potential downstream effect of glycosylation catalyzed by SetA (126) .
CONCLUDING REMARKS
To perpetuate their reign, several infectious agents highjack circulating macrophages which paradoxically serve as both the first line of defense against microbial infections as well as the pathogens' natural habitat. In this review, we show that the ability of Gram-negative Legionella, Salmonella, Shigella, and Yersinia, as well as the acid-fast actinomycete Mycobacterium, to circumvent the phagocytes' bactericidal activity and perturb the host killing machinery is mediated by effectors injected into the cytoplasm of the host by specialized secretion systems. These secreted virulence factors confer remarkable resilience to pathogens by exerting functional redundancy with each other and facilitating and maximizing host cell invasion, replication, and intracellular survival.
The host-pathogen interactome is a recent field of study and requires further scrutiny. Much remains unknown regarding the cellular functions of the effectors implicated, their host targets, and their mechanisms of action. Understanding the approach and dynamics by which microbial proteins execute their functions will greatly increase our understanding of the mechanisms employed by pathogens to alter host cell physiology. The characterization of bacterial secreted proteins continues to be a major focus of future research. Newly acquired knowledge is crucial for the development of vaccines and therapeutic intervention against established and emerging infectious diseases.
